Solar evaporation is important for many applications such as desalination, power generation and industrial drying. Recently, some studies on evaporation reported obtaining high energy efficiency and evaporation rate, which are based on floating evaporation setup (FES) with nanomaterials. Here, we proposed a new cheap and simple setup, named as airing evaporation setup (AES). It shows that the energy efficiency of AES reaches up to 87 % under 1 kW/m 2 of solar irradiation, which is 14%
Introduction
Enhancing the energy efficiency and evaporation rate of solar evaporation has attracted great attention during the past decades due to its immense utility in many fields such as water purification or desalination 1-3 , power generation 4 , phase change cooling 5 , industrial drying 6, 7 , and so on. There are many traditional ways to enhance solar evaporation, such as using dye, solar collectors or black plate to get high solar energy absorption and high water evaporation rate 8, 9 . On the other hand, nanotechnology shows a better potential in improving solar evaporation. Therefore, the solar absorber material and system design based on nanotechnology becomes a hot topic during the past decade 10, 11 .
Nanofluid evaporation setup (NES) is one of the strategies for improving solar evaporation. Researchers found that dispersing metallic nanoparticles into water
can significantly enhance the solar energy absorption and heat transfer, which lead to significant increase in the evaporation rate [12] [13] [14] [15] [16] . However, the high evaporation rate requires extremely high irradiation density (>100 kW/m 2 ), which is far from practical application due to its high cost. Later, some researchers turned to carbon-based nanofluid [17] [18] [19] , and they found that the energy efficiency can reach up to 70% under only one sun (1kW/m 2 of solar irradiation) 19 . However, the stability of nanofluid remains a challenge, which limits the application of nanofluid in solar evaporation 20 .
Another more effective strategy is utilizing floating evaporation setup (FES).
In FES, solar energy is absorbed on the top surface of floatable materials where creates heat localization 21 . The floatable materials are floating particles 22, 23 , foams 21, [24] [25] [26] , or films [27] [28] [29] [30] , which usually are hydrophilic and have high solar absorptivity. Low thermal conductivity is also required in order to localize heat at the top surface. The energy efficiency of evaporation reaches up to more than 80% under one sun, when using the gold nanoparticles or structures coated foams 31 , nano porous membrane 32 , carbon aerogels 26, [33] [34] [35] , or carbonized biomaterials [36] [37] [38] . It is reported that the energy efficiency may reach up to 94% under one sun by using hierarchically nanostructured gels based on polyvinyl alcohol and polypyrrole 39 . Nevertheless, most of the floatable nanomaterials for high efficiency evaporation are complex and costly, which limits its application widely.
Herein, we propose a cheap, simple and portable solar evaporation setup, named airing evaporation setup (AES), which also has high energy efficiency and evaporation rate. Firstly, to verify the better performance of AES, the energy efficiency and evaporation rate of AES are measured and compared with FES and NES.
Besides, the dependency of energy efficiency on the width of wings and concentration of particles are also studied. Secondly, the theoretical analysis is established to understand the mechanism of the high efficiency of AES. Finally, the potential applications of AES in solar desalination, textile quick-drying and warm-keeping are illustrated and discussed. Figure 1 shows the schematic diagrams of the experimental setup of both AES and FES. As shown in Fig. 1a , the wick material hangs above the water in AES.
Experimental setup
Here, linen is chosen as the wick material due to its excellent capillary action 40, 41 . The shape of linen is circular with two wings which are partly immersed in water (Fig. 1b) . 
2).
To compare with AES, the floating evaporation setup(FES), which uses floatable materials, is also designed according to the references (Fig. 1c ) 21, [42] [43] [44] [45] . In FES, all the other surfaces of wick material are insulated with EPE (Expandable Polyethylene) foam, except the top surface which is the only surface for evaporation.
The schematic diagram of AES shows that there is no insulation foam, that is simpler than FES. The wick material in AES can be supported by wires or strings which have negligible volume and cost. The flexible wick material can be easily folded or rolled, and so, it is very convenient for transportation and storage compared to the thick foam in FES 11, 46 and unstable nanofluids 47, 48 . Therefore, AES is more suitable for making portable systems, such as portable solar still. Removing the foams also decreases the cost, because of the foams account for around 1/3 to 1/2 of the total cost in FES, according to the retail price 45 . Thickness, (mm) 1 Figure 2 . The TEM image of the carbon black nanoparticles. The scale bar is 200 nm.
Results and discussions
The amount of water evaporated under one sun (1 kW/m 2 of solar irradiation) was measured as the mass reduction of systems. The reduction rate of AES is the highest, which is about 10% , 115% and 200% higher than FES, NES and PWES, respectively. This means that AES not only simplifies the structure, but also increases the evaporation rate, compared to the commonly used effective FES.
To further enhance the evaporation rate and energy efficiency, the structure of wick material in AES is optimized by changing width of wings. The energy efficiency as a function of width of wings is shown in Fig. 3b . The energy efficiency, , is defined as 21 :
where is the evaporation rate, i.e. the hourly mass reduction per unit area; ℎ is the total enthalpy of phase change (~2460 kJ/kg), which contains latent heat and sensible heat; is the nominal direct solar irradiation, which is fixed at 1 kW/m 2 . In AES, the efficiency is around 76% when the width of wings is 0.4 cm. Then the efficiency increases when the width of wings increases, and finally the efficiency converged to 87% when the width of wings is above 2 cm. In comparison, the efficiency is only around 28%, 40% and 73% for PWES, NES and FES, respectively.
In addition to width of wings, the mass concentration of particles on wick material also affect evaporation. The energy efficiency of AES is only 54% when there are no carbon black nanoparticles, which is 30% lower than that of when the concentration of particle is 15 g/m 2 (Fig. 3d) . It should be noticed that the efficiency increases dramatically when the mass concentration of particles increases from 0 to Besides the above mentioned evaporation rate induced by solar, natural evaporation rate is also very important in evaporation system. Fig. 3c shows that AES also gives much higher natural evaporation rate than that of FES, which indicates that AES can absorb more ambient energy for water evaporation. For the width of wings at 3 cm, the water evaporated around 0.12 kg/m 2 in 30 min, which is 150% higher than that of FES. The results also demonstrate that the natural evaporation is an increasing function of the width of wings, due to the increased evaporation area. The total evaporation rate (natural evaporation + solar induced evaporation) of AES is around 20%
higher than that of FES. To understand why AES is better than FES on theory, two setups have been analyzed based on the classic evaporation theory 49, 50 :
where ̇ is the evaporation rate of water at temperature T, is the evaporation coefficient, which is a constant. is the saturated vapor pressure of water at temperature T. is the vapor pressure of the ambient, which is 1486 Pa according to the ambient temperature and humidity. is the relative molecular mass of water , is the universal gas constant (8.314 J·mol -1 ·K -1 ).
In AES, the structure of wick material will affect the evaporation. As shown in Fig. 4a , the evaporation surface can be divided into 2 parts, the outer surface and inner surface. For the outer surface, the evaporation rate, ̇, is obtained by Eq. (2) and (3) 
However, for the inner surface, the vapor diffusion is blocked by the wings, thus the vapor from the inner surface is more difficult to diffuse into the ambient compared to the outer surface. With the width of the wings increases, the diffusion area decreases, hence the less evaporation rate per unit evaporation area. When wings fully cover the inner surface, i.e., the total width of wings (2W) equals to the perimeter of the circle ( ), vapor diffusion will be completely blocked and evaporation rate will be zero, which is similar to the covered surface in FES (Fig. 4b) . Therefore, the evaporation rate from the inner surface, ̇, is defined as:
̇= 0.587 (1 − 2 ) ( 
Thereby, the overall mass flux of evaporation in AES, ̇, which is the integral of ̇, is given by:
̇= ∫̇∆ +∫̇∆ (6) where and are the evaporation area of the outer and inner surface, respectively.
Herein, we obtained the temperature distribution of water by using COMSOL based on energy conservation:
where is the energy of solar irradiation, ( ), ( ) and ( ) are the radiation, convection and conduction loss, respectively, which are determined by the ambient and water temperature.
( ) is the energy carried away by vapor based on Eq. (4) and Eq. (5). Herein, the slow mass transfer of water in the wick material is ignored, which has negligible effect to the overall heat transfer process (<2%).
( )
is calculated as the following:
where ℎ is the latent heat of phase change.
The theoretical temperature distribution of water in AES and FES are shown in Fig. 4a and 4b , respectively. The water temperature in AES reaches up to 307 K which is 8 K lower than that of FES. AES has more evaporation area which makes the water unable to reach high temperature. The water temperature at the wings in AES is the same as or even lower than the ambient temperature. This is due to the water evaporation at the wings carries a lot of heat away. However, the water temperature at the wings in FES is much higher than the ambient temperature, thus more heat is transferred to the bulk water compared to AES. Meanwhile, the high surface temperature in FES also increases the convection and radiation heat loss.
Therefore, the efficiency of FES is lower than AES. The results imply that for high efficiency evaporation, creating more evaporation surface might be more important than creating high temperature. Fig. 4c and 4d).
Due to the high efficient evaporation and simple structure of AES as shown above, AES and the corresponding nano wick material have many potential applications, such as solar desalination, textile quick-drying and warm-keeping. It is measured that the evaporation rate of salt water and fresh water is almost the same by using AES (Fig. 5a ), which indicates that AES can be used in desalination efficiently.
Besides, the high water evaporation rate of nanoparticles coated wick material also shows its potential in quick-drying textile. It is show that, when the moisture content on wick material is around 80%, the wick material with nanoparticles saves 40% of drying time compared to that without nanoparticles (Fig. 5b) . Moreover, due to the high solar absorptivity of carbon black nanoparticles 17, 43 , the temperature of wick material with nanoparticles can be 30 °C higher than that of without nanoparticles under 1 kW/m 2 of irradiation (Fig. 5c) . It means that nanoparticles coated textile could be used in some solar heating process, such as warm-keeping in winter days. Therefore, this work gives more possibility in solar energy utilization and multifunctional textile designing. 
Conclusion
In conclusion, an airing evaporation setup (AES) has been proposed for high efficient solar evaporation by using a multifunctional nano wick material. The results
show that the solar induced evaporation rate of AES is obtained around 14%, 120%, and 210% higher than that of floating evaporation setup (FES), nanofluid evaporation setup (NES) and traditional pure water evaporation setup (PWES), respectively.
Moreover, it is found that the energy efficiency of AES depends on the width of wings and the nanoparticles concentration. The energy efficiency increases from 76 % to 87%
when the width changes from 0.4 cm to 3 cm. When using a very low concentration (1.25g/m 2 ) of carbon black nanoparticles, the efficiency can also be increased as high as 20% compared to that without nanoparticles. The advantage of a low concentration makes a low-cost of material.
Besides the solar induced evaporation rate, AES also shows a high natural evaporation rate due to more evaporation area. Thus, the total evaporation rate of AES is around 20% higher than that of FES. The theoretical results predict that the increase of evaporation area of the inner surface in AES is the main reason of high efficient evaporation. However, it's found that wider wings block vapor diffusion from the inner surface, which limits the increasing of evaporation rate.
In the end, we show a discussion on the potential application of AES and the corresponding nano wick material in in designing multifunctional textile and solar energy utilization.
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